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We report on a study of inclusive B~  and B° meson decays to D °X , D °X , D + X , D ~ X , D f  X ,
X , X , A ^ X , based on a sample of 231 million B B  events recorded with the BABAR detector 
at the Y (4S) resonance. Events are selected by completely reconstructing one B  and searching for a 
reconstructed charm particle in the rest of the event. From the measured branching fractions of these 
decays, we infer the number of charm and anti-charm particles per B  decay, separately for charged 
and neutral parents. We derive the total charm yield per B -  decay, n -  =  1.202±0.023± 0.040—0 , 
and per B ° decay, n° =  1.193 ±  0.030 ±  0.034Ìo.o3b where the first uncertainty is statistical, the 
second is systematic, and the third reflects the charm branching-fraction uncertainties. We also 
present the charm momentum distributions measured in the B  rest frame.
6I. IN T R O D U C T IO N
The dom inant process for the decay of a b quark  is 
b ^  c W *-  [1], resulting in a (flavor) correlated c quark  
and a v irtual W . In the decay of the W , the production 
of a ü d  or a cs pair are bo th  Cabibbo-allowed and should 
be approxim ately equal, the  la tte r being suppressed by a 
phase-space factor. The first process dom inates hadronic 
b decays. The second can be easily distinguished as it 
produces a (flavor) anticorrelated  c quark. Experim en­
tally, we investigate correlated and anticorrelated  charm  
production  through the m easurem ent of the inclusive B- 
decay ra tes to  a lim ited num ber of charm  hadron species,
i.e. D °, D ° , D + , D ~ , D + , D ~ , A + , £ c and char- 
monia, because all o ther charm  particles decay into one 
of the  previous hadrons.
The analysis presented here exploits a substan tially  
larger d a ta  sam ple th an  the original BABAR result [2]. 
It also employs a more sophisticated fitting m ethod to  
ex tract, in a correlated m anner, the  num ber of recon­
structed  B  mesons and the  charm  hadron  yields, which 
reduces the  experim ental system atic uncertainty. O ther 
m easurem ents [3-7] of these rates are more statistically  
lim ited a n d /o r do not distinguish between the different 
paren t B  states. Besides the theoretical in terest [8-11], 
the fact th a t anticorrelated  charm  particles are a back­
ground for m any studies also m otivates a more precise 
m easurem ent of their production  ra tes in B  decays.
Most of the charged and neu tral D  mesons produced 
in B  decays come from correlated production  B  —*■ D X . 
However, a significant num ber of B  —»■ D X  decays are 
expected through b —*■ ccs transitions, such as B  —»■ 
£>(*)_D(*)iv (*)(mr). A lthough the branching fractions of 
the 3-body decays B  —»■ D ^ D ^ K  have been mea­
sured [12, 13], they  do not sa tu ra te  B  —»■ D X  transi­
tions [2]. I t is therefore im portan t to  improve the preci­
sion on the B  —»■ D X  branching fraction.
By contrast, anticorrelated  D j  production, 
B  —»■ D ~ D (m r) , is expected to  dom inate B  decays to  D s 
mesons, since correlated production  needs an ex tra  ss  
pair created  from the vacuum  to  give B  —»■ D f  K ~ ( tw r ) . 
There is no prior published m easurem ent for correlated 
D +  production.
C orrelated  yl+ are produced in decays like 
B  —»■ yl+p7r~(7r), while anticorrelated  A ~  should 
originate predom inantly  from B  —»■ 5 cA~(7r). The decay 
B  —»■ S CA ~  has recently been observed [14], confirming
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the hypothesis of associated E c A ~  production. An­
other possibility for anticorrelated  A~  production  is 
B  —»■ A £ A ~ K ,  the  baryonic analogue of the D D K  decay.
This analysis uses T (45‘) —*■ B B  events in which either 
a B +  or a B 0 meson (hereafter denoted B rec/d) decays 
into a hadronic final s ta te  and is fully reconstructed. We 
then  reconstruct D , D s and yl+ from the decay products 
of the recoiling B ~  (B °)  meson and com pare the  flavor 
of the  charm  hadron  w ith th a t of the reconstructed  B  
(taking into account B °-B °  m ixing). This allows sepa­
ra te  m easurem ents of the  B ~  (B °) —*■ D ° X , D + X , _D+ 
X , A + X  and B ~  (B °)  ->■ D °  X , D ~  X , D ~  X , A~ X  
branching fractions.
We then  com pute the average num ber of correlated 
(anticorrelated) charm  particles per B -  decay, N -
( N ? )  ■
N -  =  E B ( B -  -  C X ), (1)
C
x r  =  ^ B ( B -  -> C X ) , (2)
C
where the  sum  is perform ed over C  =
{_D°, D + , D +,_ A + , ~c, (cc)} or C  =  
{D ° , D ~ , D ~ , A ~ , (cc ) } ,  where (cc) refers to  all 
charm onium  sta tes collectively. We neglect anticorre­
la ted  S c production, as it requires bo th  a cs and an 
ss  pair in the decay to  give E cf lc. We then  sum  N ~  
and N to  ob tain  the average num ber of charm  plus 
anti-charm  quarks per B ~  decay, n~ =  N ~  +  . We 
sim ilarly define X °, N £ and for B °  decays.
The above m ethod also lends itself to  a m easurem ent 
of the m om entum  distribu tion  of each charm  species di­
rectly  in the  rest frame of the paren t meson, because the 
four-m om entum  of each recoiling B  is fully determ ined 
from those of the  Y (4S ) and of the  reconstructed  B. The 
resulting charm  spectra  can then  be com pared to  theore t­
ical predictions in the same frame [15]. This avoids the 
significant sm earing due to  the Lorentz boost from the 
paren t-B  frame to  the T(45') frame affecting earlier m ea­
surem ents, such as those reported  in [3]. These spectra 
m ight also show indications of four-quark sta tes [16].
II. BABAR D E T E C T O R  A N D  DATA SAM PLE
The m easurem ents presented here are based on a sam ­
ple of 231 million B B  pairs (210 fb_1) recorded a t the 
Y (4S) resonance w ith the BABAR detector a t the  PE P- 
II asym m etric-energy B  factory a t SLAC. The BABAR 
detector is described in detail elsewhere [17]. Charged- 
particle tra jectories are m easured by a 5-layer double­
sided silicon vertex tracker and a 40-layer drift cham ­
ber, bo th  operating  in a 1.5-T solenoidal m agnetic field.
7Charged-particle identification is provided by the av­
erage energy loss (d E /d x ) in the tracking devices and 
by an in ternally  reflecting ring-im aging Cherenkov de­
tector. Photons are detected  by a CsI(Tl) electrom ag­
netic calorim eter. We use M onte Carlo sim ulations of 
the BABAR detector based on G EANT4 [18] to  optimize 
selection criteria  and determ ine selection efficiencies.
III. B M ESO N R EC O N ST R U C T IO N
We reconstruct B + and B °  decays (£>rec'd) in the 
modes B +  ->■ D ^ ° tt+, D ^ ° p + ,  D ^ ° a ^  and  B °  ->■ 
£)(*)-7r+ j _D(*)_ p + ) D °  candidates are re­
constructed  in the  K + n - , K + n - n 0, K + n - n + n -  and 
KS?n+n- (K 0 — n + n - ) decay channels, while D -  are 
reconstructed  in the  K + n ~ n ~  and K®tt~ modes. D* 
candidates are reconstructed  in the  D*~  —► D °n ~  and 
D*o _  ^ jjo^ o  decay modes.
The kinem atic selection of fully reconstructed  B  decays 
relies on two variables. The first is A E  =  E*B — y /s /2 ,  
where EB is the  energy of the reconstructed  B  candi­
date  in the e+ e~  center-of-m ass frame and a/s is the  
invariant m ass of the initial e+ e-  system . The sec­
ond is the beam -energy substitu ted  mass, defined by 
m e s  =  V ( s / ^  +  P i  - P b )2/ E ?  - p | ,  where pB is the 
B rec/d m om entum  and (E j, p*) is the four-m om entum  of 
the initial e+ e-  system , bo th  m easured in the labora to ry  
frame. We require |A E | <  , using the resolution
o a E m easured for each decay mode, w ith n  =  2 or 3 
depending on the decay mode. If an event contains sev­
eral B +  (B 0) candidates, only the h ighest-purity  B-decay 
mode is retained. The pu rity  is defined, for each B-decay 
mode separately, as the  fraction of signal B  decays w ith 
m-Es >  5.27 GeV/c2, norm alized to  the to ta l num ber of 
reconstructed  B + (B 0) candidates in same interval.
The signal yield N B of reconstructed  B  mesons is ex­
trac ted  from a fit to  the m ES spectra  (Fig. 1). The B  sig­
nal is modeled by a C rystal Ball signal function r CB [19] 
which is a G aussian peaking a t the  B  meson mass m od­
ified by an exponential low-mass tail th a t accounts for 
photon energy loss. The B  com binatorial background is 
m odeled using the em pirical ARGUS phase-space th resh­
old function T a r g  [20]. All the  signal and background 
param eters in these functions are ex tracted  from the 
data . The signal yields of reconstructed  B + and B 0 
mesons are N B+ =  200359±705 and  N Bo =  110735±424, 
where the errors reflect the sta tistica l uncerta in ty  in the 
num ber of com binatorial background events. These num ­
bers provide the norm alization for all the  branching frac­
tions reported  below.
The contam ination  of m isreconstructed B 0 events in 
the  B + signal (and vice-versa) induces a background 
which peaks near the  B  mass. From  the M onte Carlo 
sim ulation, the  fraction of B 0 events in the  reconstructed 
B + signal sam ple is found to  be c0 =  0 .038±0.009(syst), 
and the fraction of B + events in the reconstructed  B 0 
signal sam ple c+ =  0.028 ±  0.007(syst). The system ­
FIG. 1: m Es spectra of reconstructed (a) B+  and (b) B 0 
candidates. The solid curve is the sum of the fitted signal 
and background whereas the dashed curve is the background 
component only.
atic uncertainties take into account possible differences 
in reconstructing real or sim ulated events, as well as 
branching-fraction uncertainties for those B  decay modes 
contributing  to  the wrong-charge contam ination.
IV. INCLUSIVE C H ARM  B R A N C H IN G  
FR A C TIO N S
We now tu rn  to  the  analysis of inclusive D , D , D ~ , 
D f ,  A+ and A~ production  in the  decays of the B  mesons 
th a t recoil against the reconstructed  B . C harm  particles 
C  are distinguished from anti-charm  particles C . They 
are reconstructed  from charged tracks th a t do not belong 
to  the reconstructed  B. The decay modes considered are 
listed in Table I along w ith their branching fractions. 
Those are taken  from Ref. [21] except in the  case of the 
D + — ^n +  channel [22] for which we use the more precise 
m easurem ent reported  in Ref. [23].
8FIG. 2: Charm (left) and anti-charm (right) mass spectra 
in the recoil of B+ candidates, for the subsample of events 
with mES > 5.270 GeV/c2 (B signal region). The solid curve 
shows the result of the two-dimensional fit. The dark shaded 
areas show the contribution of reconstructed D ,D , A t  and 
A -  signal in the recoil of combinatorial B+c, d background. 
The light shaded area corresponds to the fitted combinatorial 
(anti-) charm background.
A. Charm particle yields
The num bers of charm  (anti-charm ) particles are ex­
trac ted  from an unbinned m axim um  likelihood fit to 
the  two-dimensional d istribu tion  [roES,*»c;(c")]i where 
m ES is the  beam -energy substitu ted  mass of the  re­
constructed  B  and m c  ^  is the m ass of the  charm  
(anti-charm ) particle found am ong the recoil products.
FIG. 3: Charm (left) and anti-charm (right) mass spectra as 
for Fig. 2 but in the recoil of B°  candidates.
Figs. 2 to  5 show the results of these fits, projected 
onto the m c  ^  axis, for events in the t o e s  signal region 
(m ES >  5.270 GeV/c2). The probability  density function 
used to  fit the [;??es, W c (g)] d istribu tions is the sum  of 
four com ponents :
•  PBs7g : reconstructed  charm  (anti-charm ) signal in 
the recoil of reconstructed  B  signal,
•  Pebfcg : reconstructed  charm  (anti-charm ) signal in 
the recoil of com binatorial B  background,
•  : com binatorial charm  (anti-charm ) back­
ground in the  recoil of reconstructed  B  signal,
9FIG. 4: D+ (left) and D-  (right) mass spectra in the re­
coil of B+ candidates, for the subsample of events with 
m ES > 5.270 GeV/c2 (B signal region). The solid curve shows 
the result of the two-dimensional fit. The dark shaded areas 
show the contribution of reconstructed D + , D -  signal in the 
recoil of combinatorial B+c,d background. The light shaded 
area corresponds to the fitted combinatorial (anti-) charm 
background. The Gaussian peak at the D+ mass accounts 
for reconstructed D+ signal [24].
•  Psbfcg • com binatorial charm  (anti-charm ) back­
ground in the recoil of com binatorial B  background,
These four com ponents are modeled as follows :
P^Sig(m ES,m c ) =  r CB (toes) x p s (m e ),
P Bbk9g (m -ES,m c) =  rA R c (m E sx p s (m e ),
(m E s ,m e )=  r e s ( m E s ) x p comb(mc ),
Psbfcg9(m-ES, m e )=  r a r g (m E s)x p comb(mc ).
The function r BB w ith all its param eters fixed from 
the fit detailed in Sec. III is used to  model the  recon­
structed  B  signal. The com binatorial B  background is 
described as in Sec. III by an ARGUS function rA RG 
whose shape param eter is floated in the  fit to  allow for 
a possible charm  decay-mode dependence of th is back­
ground. A G aussian function p s { m c  (p)) describes the
FIG. 5: D f  and D s mass spectra as for Fig. 4 but in the 
recoil of B° candidates.
mass shape of the  reconstructed  charm  signal. Its  m ean 
is taken from the data . Its  resolution, as m easured in 
the data , is consistent w ith th a t in the sim ulation and is 
fixed. The com binatorial charm -background distribution 
is fitted  w ith a linear function pcom bin e  (c)) (except for 
the D 0 — K -  n+  n -  n+  for which a quadratic  depen­
dence is assumed) [24].
TABLE I: Charm particle decay modes and branching frac­
tions.
C - ƒ B{C  ƒ) (%)
D° ^  K - n+ 3.80 ±  0.09
D° ^  K - n + n - n+ 7.48 ±  0.31
D+ ^  K - n+n+ 9.1 ±  0.7
D+ ^  0n+(0 ^  K+ K -  ) 4.81 ±  0.64 (49.3 ±  1.0%)
D+ -► K * °K + (K*° -> K--K+) 4.57 ±  0.69 (66.51 ±  0.01%)
D+ ^  K°K +(K S ^  n + n - ) 2.43 ±  0.42 (68.95 ±  0.14%)
T+ ^  p K - n+ 5.0 ±  1.3
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TABLE II: p*-averaged reconstruction efficiencies ec for each 
charm final state. The errors reflect the limited Monte Carlo 
statistics.
C -  f ec (%)
D 0 -> K - 50.2 ± 0.3
D 0 -- K - n - 20.1 ± 0.2
D+ - K - 33.7 ± 0.2
D+ - 33.0 ± 0.8
D+ - K*c1 K+ 18.0 ± 0.5
D+ - K0 K+ 31.1 ± 0.8
- p K ~7T+ 26.7 ± 0.9
The reconstruction efficiencies for each charm  final 
sta te  C  — f  (Table II) are com puted from the simu­
lation as a function of p * , the  charm -particle m om entum  
in the B  rest frame, and applied event-by-event to  ob­
ta in  the efficiency-corrected charm  and anti-charm  signal 
yields. These are denoted respectively by N ~ (C  —*■ ƒ) 
{N ° {C  ->■ ƒ)) and N ~ { C  ->■ ƒ) {N ° {C  ->■ ƒ)) and are 
listed in Table III. We then  determ ine the charm  and 
anti-charm  fractional production  rates Bc 
defined as :
*-(0) and  B 7 {0)
c(0) _B,
& - {0)
=  N f ) / [ N B+(B°) x  B (C  
f ) / [ N B+(B0) x B (C
-  f  )], 
-  f  )],
(4)
where N B+ (N Bo) is the  num ber of reconstructed  B+ 
(B °) mesons, and B (C  —»■ ƒ) is the C  —*■ ƒ branching 
fraction reported  in Table I. B ~, B ~ , B® and  B°c are 
listed in Table III.
B. Correlated and anticorrelated charm branching 
fractions
For charged B , the branching fractions for correlated 
and anticorrelated  C  production  are given by :
B ( B c
B ( B c
C X ) =  B j  -  c°B° , 
C-X) =  B -  -  c0B o .
(5)
The correlated (anticorrelated) B c  — C X  branching 
fraction is equal to  the charm  (anti-charm ) fractional 
production  ra te  B~ (B~  ) in the  recoil of reconstructed 
B+ mesons modified by a small correction term  c0B° 
(c0B°) th a t accounts for the B ° contam ination in the 
reconstructed  B + sample. The factors B® and Bo depend 
on the m easured B °  —*■ C X  and B °  —*■ C X  branching 
fractions, and on the B °B °  m ixing param eter Xd [21]. 
Doubly Cabibbo-suppressed D ° decays (D° — K + n c 
and D° — K + n + n c n c ) are also taken into account. 
We combine the results from the different D ° and D s 
decay modes to  ex trac t the  final branching fractions 
listed in Table IV. The probability  of the  correlated 
D + production observed in B c  decays to  be due to  a
background fluctuation is less th an  5 x 10 4.
For neu tral B , charm  and anti-charm  production in the 
recoil of reconstructed  B °  mesons have to  be corrected for 
B °B °  m ixing to  obtain  the correlated and anticorrelated 
charm  branching fractions :
B {B °  ->■ C X )  
B (B °  ->■ C X )
B " - X d {B i +  B i)
1 - 2  Xd
B ° - Xd(B° +  g°)
1 — 2 Xd
-  c+ B+
(6)
-  c+ B:
The correction factors c+ B+ and c+B+ account for 
B +  contam ination  in the  B ° sample and depend on 
the B c  — C X  and B + — C X  branching fractions. 
Com bining the different D ° and D s modes, we obtain 
the final branching fractions listed in Table IV.
We also com pute the fraction of anticorrelated  charm  
production  in B  decays :
B (B  ->■ C X )
B (B  -> C X )  +  B (B  -> C X )
(7)
Here, m any system atic uncertainties cancel out (track­
ing, K  identification, D  branching fractions, B  count­
ing). The results are given in Table V.
The m ain system atic uncertainties are associated w ith 
the track-finding efficiency, the models used to  describe 
the toes and m c  ^  d istributions, and the particle iden­
tification efficiency. For example, the 2.7% absolute 
system atic uncerta in ty  on B (B c — D ° X ) reflects the 
quadratic  sum  of 1.3% a ttrib u ted  to  the track-finding ef­
ficiency, 1.6% to  the  description of the  m Es distribution 
by the r a r g  and r CB functions, 0.8% to  the descrip­
tion  of the m c  (ç j signal d istribu tion  by the p s  function, 
1.4% to  the  particle identification, 0.5% to  the  Monte 
Carlo statistics, 0.3% to  c°, and 0.1% to  B°.
The uncertain ty  affecting the track-finding efficiency is 
estim ated w ith two different m ethods. The first uses a 
large inclusive sample of tracks w ith a m inim um  num ber 
of hits in the silicon vertex detector. The second relies on 
an e+ ec  — t + t c  control sample. From  these, we derive 
a relative system atic uncerta in ty  of 0.8% per track.
The m odeling of the  m ES d istribu tion  by the r CB and 
the rA RG functions affects b o th  the charm  signal yields 
and the num bers of reconstructed  B  mesons used in nor­
malizing the branching fractions. The corresponding un­
certa in ty  is dom inated by the dependence of the rA RG 
shape param eter on the lower edge of the m ES fit range. 
Varying the la tte r from 5.195 to  5.225 GeV/c2 yields a 
variation in the branching fraction th a t is taken  as sys­
tem atic uncertainty. This range was chosen such th a t the 
branching fractions m easured in the sim ulation change by 
±1  stan d ard  deviation.
The uncerta in ty  associated w ith the description of the 
charm  signal mass shape by the p S function translates
—»
—>
—»
—»
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TABLE III: Charm and anti-charm efficiency-corrected signal yields and fractional production rates. The uncertainties are 
statistical only.
C decay mode C  in recoil of B+ ,drec'd
N ~ (C  —*■ ƒ) B -(% )
C in recoil of B+ ,drec'd
N ~ (C  —*■ ƒ) B~{%)
C in recoil of B0ec,d
N °(C  —*■ ƒ) B°(%)
C  in recoil of B1°ec/d 
N °(C  —*■ ƒ) B°(%)
D 0 ^ K - n+ 5898±126 77.5±1.6 691±52 9.1±0.7 1731±70 41.1±1.7 669±44 15.9±1.0
^ K - n + n - n+ 11010±383 73.4±2.6 1378±214 9.2±1.4 3418±239 41.2±2.9 1065±159 12.8±1.9
D + ^ K ~ tt+tt+ 1970±131 10.8±0.7 513±89 2.8±0.5 3044±122 30.2±1.2 869±74 8.6±0.7
85±24 1.8±0.5 385±42 8.1±0.9 97±21 3.7±0.8 227±30 8.7±1.2
-*K *°K + 78±39 1.3±0.6 567±72 9.3±1.2 78±28 2.3±0.8 306±50 9.1±1.5
—> K °K + 0±16 0.0±0.5 212±39 6.6±1.2 48±19 2.7±1.1 148±29 8.3±1.6
A t ^ p K ~ ir + 288±52 2.9±0.5 210±45 2.1±0.5 240±41 4.3±0.7 124±30 2.2±0.5~
TABLE IV: B  branching fractions. The first uncertainty is statistical, the second is systematic, and the third reflects charm 
branching-fraction uncertainties [21, 23].
Correlated Anticorrelated
C B (B -  -> C X )(%) B(B° CX )  (%) B {B - C X )(% ) B(B° CX)(%)
D°
D+
7 8 .6 ± 1 .6 ± 2 .7 l2;° 
9.9 ±  0.8 ±  0.5+0; 7
47.4 ±  2.0 ±  1.51^2
36.9 ±  1.6 ±  1.4-2.3
8.6 ±  0.6 ±  0.3-0;?
2.5 ±  0.5 ±  0.1+- 0.2
8.1 ±  1.4 ±  0.5—q'o 
2.3 ±  1.1 ±  0.3+0.2 
< 3.9 at 90% CL
D+ 1 1 +0 . 4 ±  0 1 +0 . 2 1.1-0 . 3 ±  0.1-0 . 1 1.5 ±  0.8 ±  0.1+0.2 
< 2.6 at 90% CL
7.9 ±  0.6 ±  0.4+- 1.30 10.3 ±  1.2 ±  0.4-1.3
A+ 2.8 ±  0.5 ±  0.3+0.0 5.0 ±  1.0 ±  0.5+18 2.1 ±  0.5 ±  0.2-00.4 1.6 ±  0.9 ±  0.2+0'J 
< 3.1 at 90% CL
TABLE 
Eq. (7).
V: Fraction of anticorrelated charm as defined in
Mode B~  decays B°  decays
D °X 0.098 ±  0.007 ±  0.001 0.146 ±  0.022 ±  0.006
D - X 0.204 ±  0.035 ±  0.001 0.058 ±  0.028 ±  0.006 
< 0.098 at 90% CL
D - X 0.884 ±  0.038 ±  0.002 0.879 ±  0.066 ±  0.005 
> 0.791 at 90% CL
T -X 0.427 ±  0.071 ±  0.001 0.243-g-121 ±  0.003 
< 0.403. at 90% CL
difference between these two efficiencies is then  taken as 
an estim ate of the  corresponding the system atic uncer­
ta in ty  (1.7% relative uncerta in ty  per kaon and 1.3% per 
p ro to n ).
T he sta tistica l and system atic uncertainties in Ta­
ble IV  and Table V  are com puted separately  for each 
charm  decay m ode; correlated errors are taken into ac­
count when averaging over D 0 and D s final states.
C. Average charm production in B  decays
into an uncerta in ty  on the charm  reconstruction effi­
ciency. It is estim ated  by fitting the sim ulated charm  
signal w ith a double instead of a single Gaussian.
T he system atic uncertainties affecting the p ro ton  and 
charged kaon particle-identification efficiency are esti­
m ated  using D 0 ^  K - n+  and A0 ^  p n -  samples re­
coiling against reconstructed  B + and B 0 mesons. The 
D 0 or A 0 signal yields are ex tracted  in a m anner similar 
to  th a t described in Sec. IV  A , bo th  w ith and w ithout ap­
plying the proton or kaon particle-identification require­
ments. The ra tio  of these yields on real and sim ulated 
samples is proportional to  the particle-identification effi­
ciency in the  d a ta  and the sim ulation, respectively. The
To ex trac t N c from the results of Table IV, we still 
need to  evaluate the B  —*■ S CX  and B  —*■ (cc )X  b ranch­
ing fractions. Because there  exists no absolute m ea­
surem ent of the £ —decay branching fraction, the  ab­
solute ra tes for correlated S c production in B  decays 
are unknown [14, 25]. Therefore, following the discus­
sion in Sec. I, we assume th a t B (B  —*■ S CX )  =  B (B  —*■ 
A ~ X )  — B (B  —► [26]. A recent m easure­
m ent [27] indicates th a t B  —»■ A + A ~ K  decays have a 
branching fraction of the order of 7 x 10-4 , and thus can 
be neglected by com parison to  N c (see also [2]). We 
take B (B  —*■ (cc )X ) =  (2.3 ±  0.3)% [28, 29] and, using 
Eqs. (1) and (2), we ob tain  for charm  production in B -
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decays:
NC 0.968 ±  0.019 ±  0.032-0 ; 022, 
0.234 ±  0.012 ±  0 .008-0; 012, 
1.202 ±  0.023 ±  0 .040-0; 029.
and in B °  decays :
N c
N l
0.947 ±  0.030 ±  0.028-0; 028, 
0.246 ±  0.024 ±  0.009-0; 014, 
1.193 ±  0.030 ±  0.034-0; 035.
The results reported  here are consistent [30] w ith, and 
supersede those of Ref. [2]. The three-fold increase in 
in tegrated  lum inosity accounts for the substan tia l re­
duction in sta tistical error. The experim ental system ­
atic uncertain ties have been sim ilarly reduced, prim ar­
ily th rough the use of the  two-dimensional [toes, m c (c )]  
fit, which takes correctly into account the correlation be­
tween the  fitted  num ber of reconstructed  B  mesons and 
the corresponding charm  yield.
D . Isospin analysis
The m ain source of anticorrelated  D  mesons produced 
in B  decays is 6 —^ ccs transitions. In these processes 
isospin should be conserved, leading to  the  expectation 
th a t : D ° X )  =  F {B °  ->■ D ^ X )  and T {B ~  ->■
D ~ X )  =  r (B °  —► D ° X ) .  However, D  mesons can also 
arise from D* mesons, whose decay does not conserve 
isospin since the  D*° —*■ D ~ n + channel is kinem atically 
forbidden. Thus isospin invariance actually  requires :
rd ir  (B- 
r dir (B- 
r ( B -  -
-► D ° X )  
—  D - X  )
. D * °X )
r ( B -  — D*- X  )
r  dir(B ° — D - X  )
r  d,r (B ° — D 0X  )
r ( s °  ->■ D *- X  )
r ( s °  ->■ D *0 X  )
(8)
where T'dir (B  —*■ D X ) refers to  the  p artia l w idth of B -  
meson decays to  D  mesons where the D  s ta te  is not 
reached through a D* cascade decay. Eqs. (8) lead to  
the  following relations involving the m easured anticorre­
la ted  D  branching fractions in Table IV  :
r  x* =  B { B -  ->■ D ° X )  -  B (B ° D - X ) T- m
tb °
r  x* =  B {B °  -► D ° X ) ^  -  B {B -  
tb 0
(9)
D - X  ) (10)
and :
x +  x* - 
+ B {B °
i  [B {B -  ->  D ° X )  +  B { B -  -► D ~ X )
^ 0 X )lM ± +  0 D - X  )Ia+
(11)
where T+  / t B is the  ra tio  of the B +  to  the B 0 lifetime,
x* =  B (B ~  ->■ D*° +  D*~X)  [31], T h a t bo th  Eqs. (9) 
and (10) m ust be satisfied is a consequence of isospin 
invariance. From  these two equations, we ex trac t x* w ith 
a chi-squared m ethod, and using in addition Eq. (11) we 
calculate :
B {B ~  —*■ D*° +  D*~X) =  9.1 ± 1 .5  ± 0 .6 %  
B dir{ B -  D° + D - X )  =  2.1 ±  1.7 ±  0.7%
<  4.5% a t 90% CL 
B dir{B  ^ _ D °  +  D - X )  =  0 23+o.25± 0  09
D*° +  D * ~ X )  119
<  0.60 a t 90% CL
B (B
B(D* D t]7r-), x  =  B dir{ B -  D ° +  D - X )  and
Here the  first uncertain ty  is statistical, the  second is 
system atic and includes charm  branching-fraction uncer­
tainties, as well as those affecting the values of T+  / t B 
and B (D * -  —*■ _D°7t~) taken  from Ref. [21]. The x 2 of 
the fit to  Eqs. (9) and (10) is 0.01 for 1 degree of freedom.
V . C H ARM  M O M E N T U M  D IST R IB U T IO N S IN  
TH E B  R EST FR A M E
As the four-m om entum  of the recoiling B  is fully deter­
mined, each reconstructed  charm  hadron  can be boosted 
into the rest frame of its paren t B , yielding the p* d istri­
bu tion  of the corresponding (anti-charm ) charm  species 
in the B  frame. The num ber of C  (C ) candidates, their 
fractional production rates and the B  ^  C  (C )X  b ranch­
ing fractions are then  determ ined in each p* bin by the 
same m ethods as in Sec. IV, separately  for B -  and B °  
decays. The system atic uncertainties are assum ed to  be 
independent of p*, except for the error associated with 
the B 0 (B +) contam ination  in the B + (B 0) sample : the 
la tte r is com puted bin-by-bin w ith a relative uncertain ty  
on c+ and c0 increased to  100%.
Figs. 6 and 7 show the result for correlated and an ti­
correlated D °, D + , D s and yl+ production  in B -  and B °  
decays, respectively. The num erical values are tabu la ted  
in the Appendix.
C orrelated  D 0 and D + (Figs. 6a, c and 7a, c) are pro­
duced in several types of transitions : b —*■ c l~ v ,  b —*■ cud, 
and b —*■ ccs which explains the fairly large spread of 
their m om entum . High-p* correlated D ’s are produced 
in tw o-body decays such as B -  — D 0n -  while low mo­
m entum  D }s m ight come from higher m ultiplicity  final 
sta tes such as B  —*■ D D K ( X u ght) where X u ght is any 
num ber of pions an d /o r photons. The la tte r processes 
are also the m ain source of anticorrelated  D °  and D ~  
production  (Figs. 6b, d and 7b, d) which explains why 
anticorrelated  D  spectra  are softer th an  their correlated 
counterparts.
A nticorrelated D j  spectra  (Figs. 6f and 7f) have a 
very different shape com pared to  anticorrelated  D  spec­
tra . They are peaked a t highp* values which is suggestive 
of the  tw o-body decays B  —*■ D ^ D -  and B  —*■ D ^ D * ~ .
c
0n c
—»
—»
—»
r
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FIG. 6: Momentum spectra, in the B~  rest frame, of corre­
lated (left) and anticorrelated (right) charm particles : D °/D °  
(a)(b), D± (c)(d), D± (e)(f), A± (g)(h). The error bars are 
statistical only. The histogram in frame (f) represents the 
contribution of B -  ^  D (+)0D(+) two-body decays assuming 
the branching fractions of Ref. [21] and [23].
FIG. 7: Momentum spectra, in the B °  rest frame, of corre­
lated (left) and anticorrelated (right) charm particles : D °/D °
(a)(b), D± (c)(d), D± (e)(f), A± (g)(h). The error bars are 
statistical only.
VI. CONCLUSIONS
0 2 0
These decays represent a large fraction of the  to ta l an ti­
correlated  D~ production  as shown in Fig. 6. In  contrast, 
the  corresponding tw o-body processes B  —>■ D ^ D ~  and 
B  —- D (*)d*-  are Cabibbo-suppressed.
In the case of anticorrelated  A~  production associ­
ated  w ith S c production, for decays such as B  —»■ 
S CA~(Xught ) ,  the  anticorrelated  A~  spectra  should have 
a cut-off a t p* <  1.15 GeV/c. This is actually  observed 
in the data , b o th  in B ~  (Fig. 6h) and in B °  (Fig. 7h) 
decays.
We have m easured the  branching fractions for inclu­
sive decays of B  mesons to  flavor-tagged D , D s and yl+, 
separately  for B ~  and B ° . We observe a significant pro­
duction of anticorrelated  D 0 and D + mesons in B  de­
cays, w ith the branching fractions reported  in Table IV. 
These results are consistent w ith and supersede our pre­
vious m easurem ent [2]. We find evidence for correlated 
D + production in B -  decays, a process which has not 
been previously reported.
The sum  of all correlated charm  branching fractions, 
N c, is com patible w ith 1, for charged as well as for neutral 
B  mesons. The num bers of charm  particles per B ~  decay 
(n~ =  1.202 ±  0.023 ±  0.040-'qq29) an(i  Per B °  decay
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(n0 =  1.193 ±  0.030 ±  0.034-0' 035) are consistent w ith 
previous m easurem ents [2, 4, 28] and w ith theoretical 
expectations [8-11].
Assuming isospin conservation in the b —*■ ccs transi­
tion, we show th a t anticorrelated  D  mesons are m ainly 
produced by cascade decays B  —*■ D *X  —*■ D X .
Finally, the technique developed for th is analysis 
allows us to  m easure the inclusive m om entum  spectra 
of flavor-tagged D , D s and yl+ in the rest frame of the 
B  parent, separately  in B ~  and B °  decays, eventually 
providing insight into B-decay mechanisms.
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TABLE VI: Correlated and anticorrelated D 0 production in B-  decays.
correlated prod. anticorrelated prod.
p* range ( GeV/c) B(B~  -> X CX )  (%) B(B~  -> AV I) (%)
0.00 - 0.15 0.03±0.06±0.01 0.04±0.04±0.01
0.15 - 0.30 0.70±0.18±0.03 0.36±0.12±0.02
0.30 - 0.45 2.45±0.29±0.11 0.75±0.18±0.03
0.45 - 0.60 3.01±0.34±0.13 1.08±0.22±0.05
0.60 - 0.75 4.96±0.40±0.22 1.54±0.24±0.07
0.75 - 0.90 6.62±0.44±0.30 1.56±0.23±0.07
0.90 - 1.05 6.63±0.43±0.30 1.78±0.23±0.07
1.05 - 1.20 7.18±0.43±0.32 0.72±0.18±0.04
1.20 - 1.35 7.01±0.41±0.32 0.30±0.14±0.05
1.35 - 1.50 7.70±0.38±0.35 0.29±0.11±0.02
1.50 - 1.65 7.90±0.39±0.36 0.01±0.09±0.05
1.65 - 1.80 7.96±0.38±0.40 0.20±0.09±0.02
1.80 - 1.95 6.49±0.33±0.32 -0.07±0.04±0.02
1.95 - 2.10 5.32±0.29±0.26 0.02±0.06±0.02
2.10 - 2.25 3.54±0.24±0.19 0.05±0.04±0.00
2.25 - 2.40 1.06±0.13±0.06 -
TABLE VII: Correlated and anticorrelated D+ production in B decays.
correlated prod. anticorrelated prod.
p* range (GeV/c) -> A CA) (%) -> AVA) (%)
0.00 - 0.20 0.19±0.09±0.02 0.06±0.06±0.01
0.20 - 0.40 0.59±0.19±0.06 0.15±0.15±0.02
0.40 - 0.60 1.43±0.28±0.14 0.78±0.22±0.07
0.60 - 0.80 1.81±0.31±0.17 0.06±0.20±0.02
0.80 - 1.00 1.27±0.29±0.13 0.55±0.21±0.05
1.00 - 1.20 1.57±0.27±0.16 0.67±0.18±0.06
1.20 - 1.40 1.27±0.23±0.16 0.02±0.12±0.03
1.40 - 1.60 0.72±0.18±0.15 0.04±0.10±0.04
1.60 - 1.80 0.69±0.15±0.16 0.15±0.09±0.04
1.80 - 2.00 0.33±0.11±0.16 0.06±0.06±0.03
2.00 - 2.20 0.07±0.07±0.09 0.02±0.04±0.03
TABLE VIII: Correlated and anticorrelated Ds production in B decays.
correlated prod. anticorrelated prod.
p* range (GeV/c) B {B -  A CA) (%) B {B -  AVA) (%)
0.00 - 0.34 -0.08±0.18±0.02 0.46±0.16±0.07
0.34 - 0.68 0.03±0.18±0.03 0.08±0.23±0.04
0.68 - 1.02 0.46±0.22±0.09 0.95±0.27±0.14
1.02 - 1.36 0.52±0.19±0.11 1.00±0.24±0.15
1.36 - 1.70 0.10±0.11±0.03 3.27±0.32±0.49
1.70 - 2.04 0.07±0.07±0.02 2.13±0.25±0.32
TABLE IX: Correlated and anticorrelated A+ production in B decays.
correlated prod. anticorrelated prod.
p* range (GeV/c) B {B -  A CA) (%) B {B -  AVA) (%)
0.00 - 0.24 0.28±0.12±0.09 0.10±0.08±0.03
0.24 - 0.48 0.30±0.17±0.09 0.40±0.20±0.12
0.48 - 0.72 0.48±0.21±0.15 0.50±0.22±0.15
0.72 - 0.96 0.72±0.24±0.22 0.50±0.21±0.15
0.96 - 1.20 0.28±0.18±0.09 0.70±0.23±0.21
1.20 - 1.44 0.34±0.16±0.11 -0.10±0.08±0.03
1.44 - 1.68 0.41±0.15±0.13 -0.05±0.05±0.01
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TABLE X: Correlated and anticorrelated D° production in B° decays.
correlated prod. anticorrelated prod.
p* range ( GeV/c) B(B~  -> A CA) (%) B (B -  -> AVA) (%)
0.00 - 0.15 0.11±0.12±0.01 0.03±0.08±0.01
0.15 - 0.30 0.73±0.28±0.03 0.45±0.23±0.03
0.30 - 0.45 1.46±0.41±0.07 0.60±0.31±0.04
0.45 - 0.60 2.53±0.51±0.11 1.56±0.41±0.11
0.60 - 0.75 3.60±0.62±0.16 1.71±0.47±0.12
0.75 - 0.90 4.05±0.63±0.20 1.64±0.46±0.12
0.90 - 1.05 5.07±0.61±0.23 0.90±0.43±0.07
1.05 - 1.20 5.50±0.62±0.25 0.48±0.40±0.06
1.20 - 1.35 4.93±0.56±0.24 0.72±0.37±0.08
1.35 - 1.50 5.70±0.56±0.27 -0.53±0.29±0.07
1.50 - 1.65 5.51±0.53±0.27 0.45±0.33±0.09
1.65 - 1.80 2.85±0.40±0.23 0.19±0.24±0.07
1.80 - 1.95 2.71±0.37±0.19 -0.03±0.19±0.06
1.95 - 2.10 2.17±0.32±0.16 0.04±0.17±0.05
2.10 - 2.25 0.58±0.18±0.11 -0.14±0.10±0.02
TABLE XI: Correlated and anticorrelated D + production in B° decays.
correlated prod. anticorrelated prod.
p* range (GeV/c) -> A CA) (%) -> AVA) (%)
0.00 - 0.20 0.08±0.12±0.01 0.05±0.11±0.01
0.20 - 0.40 1.10±0.37±0.09 0.42±0.28±0.07
0.40 - 0.60 0.97±0.47±0.08 0.68±0.36±0.11
0.60 - 0.80 2.47±0.54±0.19 0.08±0.36±0.02
0.80 - 1.00 2.70±0.54±0.21 -0.06±0.34±0.02
1.00 - 1.20 3.49±0.53±0.28 0.76±0.37±0.12
1.20 - 1.40 4.92±0.54±0.39 -0.14±0.30±0.04
1.40 - 1.60 5.41±0.52±0.44 0.12±0.31±0.04
1.60 - 1.80 5.50±0.51±0.45 0.33±0.31±0.06
1.80 - 2.00 5.54±0.49±0.45 -0.32±0.25±0.06
2.00 - 2.20 3.08±0.37±0.25 0.39±0.23±0.06
2.20 - 2.40 1.63±0.26±0.13 -0.01±0.14±0.01
TABLE XII: Correlated and anticorrelated D s production in B° decays.
correlated prod. anticorrelated prod.
p* range (GeV/c) B (B -  -> A CA) (%) B(B~  -> AVA) (%)
0.00 - 0.34 -0.21±0.13±0.03 0.06±0.16±0.02
0.34 - 0.68 0.63±0.42±0.09 1.18±0.45±0.18
0.68 - 1.02 0.03±0.39±0.01 1.92±0.48±0.29
1.02 - 1.36 0.94±0.43±0.14 1.66±0.43±0.25
1.36 - 1.70 -0.09±0.29±0.03 3.55±0.52±0.54
1.70 - 2.04 0.20±0.23±0.04 1.92±0.37±0.29
TABLE XIII: Correlated and anticorrelated A t  production in B° decays.
correlated prod. anticorrelated prod.
p* range (GeV/c) -> AVA) (%) -> AVA) (%)
0.00 - 0.24 0.01±0.11±0.01 0.14±0.16±0.05
0.24 - 0.48 0.46±0.34±0.15 0.57±0.33±0.19
0.48 - 0.72 0.73±0.38±0.23 0.34±0.31±0.12
0.72 - 0.96 1.90±0.51±0.60 -0.24±0.30±0.08
0.96 - 1.20 0.73±0.40±0.23 0.94±0.36±0.32
1.20 - 1.44 0.96±0.35±0.30 -0.19±0.17±0.07
1.44 - 1.68 0.21±0.19±0.07 -0.01±0.13±0.01
